Sediment mapping is important for understanding the physical processes, the impact of human activity, and the conditions for marine life on the seabed. For this purpose, the seabed classification tool QTC IMPACT analyses statistical variations in single-beam echo sounder data. QTC was applied in a large and physically diverse area of the Norwegian Channel, between 59°30ʹN and 61°N, to produce a new sediment map and to verify the QTC algorithm. The results were interpreted using ground truth (grain size analyses of 40 gravity cores and five grab samples), multi-beam echo sounder bathymetry (MBES), and seismo-acoustic profiles. Surficial sediments were divided into five classes: (1) mud and silt, (2) a variety of clay, silt and sand, (3) sandy mud with gravel, (4) sand with gravel, and (5) clay and sandy clay. Along the Norwegian coast, where MBES imagery shows evidence of glacial erosion, the surficial sediment distribution is variable. The echo shape analysis of QTC did not produce a natural partition of the data, and statistical assumptions did not always hold. Sediment classification was therefore sensitive to the choice of cluster algorithm. However, QTC produced the most physically plausible results on a large scale compared to other cluster algorithms. Class boundaries were consistent with supporting data. One exception is a transition from muddy to sandy sediments not visible in seismo-acoustic data. A possible explanation is that seabed fluid seepage and water current erosion cause sand particle transport into the western part of the channel. The study confirms the capability of QTC in a complex environment, but there are some possible improvements.
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Study area and seafloor geology
The NC is a depression in the continental shelf along the coast of southern Norway, with depths up to 700 m in the Skagerrak area (Fig. 1 ). It is a major topographic feature of the North Sea, which is a shallow continental sea bounded by the British Isles, Norway, and the northern European continent (Otto et al., 1990) .
The western slope of the NC is one of the major pathways for inflowing North Atlantic water. Mixed oceanic and fresh water flows out of the North Sea as the northbound Norwegian Coastal Current in the eastern and central NC (Winther and Johannessen, 2006) . Thus the circulation pattern of the North Sea is influenced by the topography of the NC. Conversely, the NC is an important trap for water-borne sediments in the North Sea (De Haas et al., 1996) .
The study area spans about 23 000 km 2 from the western Norwegian shoreline to the eastern margin of the North Sea plateau, between 59°30ʹN and 61°N latitude and to the east of 02°30ʹE (Fig. 1) . The Quaternary sediments in this area consist of alternating layers of till and marine or glaciomarine sediments. The established Quaternary stratigraphy (Sejrup et al., 1995) is based in part on a drilled core sample (0-219 m below seafloor) from the Troll Field (Fig. 1) . Of interest in this paper are the B1 unit and the A unit. Unit B1 is connected with seabed moraines in the eastern NC. Unit A is the top sediment layer in the central NC, truncated by the eastern moraines and, about 5-7 km from the shore, the crystalline basement (Fig. 2) . Unit B1 is a till dating to the maximum of the Weichselian glaciation, corresponding to a homogenous diamicton in the Troll core with about 30% coarse material (grain size > 63 μm) and high shear strength (Andersen et al., 1995; Sejrup et al., 1995) .
Unit A is a horizontally bedded formation with sediments deposited from the onset of the last deglaciation to the present. The largest accumulations of unit A sediments are found outside the Korsfjorden inlet and at the foot of the North Sea Plateau (up to 60 m, compared to 17 m in the Troll core) (Fig. 3) . The topmost layer in unit A, Holocene, has a variable thickness of typically 3-7 m as observed in present parametric sonar data (Fig. 3 ). In PS 018 transmitting a 20 ms 2-4 kHz chirp pulse. These data were acquired on a coarse survey grid with a total track length of about 2500 km. In total 39 sonobuoys were dropped during the seismic surveys to acquire wideangle seismic data.
In total III 5120 (2007 III 5120 ( -2008 . Nine of the ten core samples containing sediments coarser than 1 mm according to the first analysis, were re-sieved for classification purposes in 2008 using in addition a 2 mm mesh to establish the amount of gravel.
The grain size laboratory analysis of the five grab samples (2008) consisted of collecting and sieving approximately 100-400 g material of each sample. The meshes had sizes 4, 2, 1, 0.5, 0.25, 0.125 and 0.063 mm.
One of the samples was analysed down to 2 µm using the Micrometrics Sedigraph III 5120. Seismic refraction analysis of sonobuoy data constrains the sound speed in unit A, but the uncertainty in the thickness estimates is at least 3-4%. For reference, bathymetric contours are also shown.
Core and grab samples with less than 2% gravel were classified according to the Folk classification system (Folk, 1954) , based on the grain size distribution. Sediment samples with at least 2% gravel were classified according to a modified version of the Folk classification system, where no division between 2 and 30% gravel exist, and the class gravelly, sandy mud (gsM) is introduced; consequently the original Folk class gravelly mud (gM) is reduced to cover samples containing maximum 10% sand and 30% gravel. The classification was performed on the top subsample of each core, with mean depth ranging from 1 to 16 cm. In average the mean depth was 5.8 ± 3.1 cm (the wavelength of the acoustic signals for a 38 kHz echo sounder is 4 cm). The classification is based on the mass percentage of gravel (grain size > 2.0 mm), sand (grain size 63 µm-2 mm), silt (grain size 2-63 µm), and clay (grain size < 2 µm). The sand and gravel content of all the subsamples at each site was calculated to find layers in the gravity cores; of special interest has been the composition of the surface layer.
Acoustic classification
QTC IMPACT analyses the shape of seabed echoes (Preston et al., 2004) . The digitally sampled echoes are first aligned and summed over consecutive pings (stacking), a common noise reduction step. QTC has an automatic bottom detection algorithm for aligning echoes before summation. The shape analysis produces 166 parameters (features) which are stored in a feature vector ( x ). A representative subset of feature vectors (the "catalogue data") is used to compute a principal component transform. By discarding all but three principal components, each observed feature vector is subsequently reduced to a data (observation) vector
QTC IMPACT version 3.40 and 3.50 was used in this study. The stack length was five pings. Bad traces were manually removed using a built-in data editor. The reference depth was set to 300 m; the observed depth range was from 100 to 600 m. The data with pulse lengths τ=0.512 ms and τ=1.024 ms were processed separately. The several depressions (pockmarks) observed were not removed. The classified observations were decimated with a 200 m × 200 m block mode filter using Generic Mapping Tools (Wessel and Smith, 1991) and plotted along with ground truth data on shaded relief maps of MBES bathymetry for evaluation. Only blocks with a unique class were accepted. The classification results for the two pulse lengths were merged into one map in a similar process. Finally, the classes were given a sedimentological description based on classification of the 40 core and five grab samples.
Echo compensation
An echo time series depends on intrinsic properties of the seabed (roughness and volume scattering strength, reflection coefficient, sound attenuation), but also extraneous factors (source strength, receiver sensitivity, pulse length, frequency, beamwidth, propagation loss, water depth, and seabed slope). The QTC algorithm normalizes the stacked echoes to unit peak amplitude, so only echo shape is taken into account (Preston et al., 2004) . Besides seabed slope, this leaves the effect of water depth on the echo length as the principal extraneous factor. The procedure to eliminate this factor is described in Preston (2005) . Briefly, the echo length is parameterized by water depth D , beamwidth , pulse length , and sediment penetration depth. The sample was sieved using 1 mm mesh as maximum. The classification sM is assuming less than 2% gravel in the sample. b The modified version of the Folk classification system is used for sediment samples with more than 2% gravel. The four grab samples were sieved using a 63 µm mesh as minimum.
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Unsupervised classification and statistical assumptions
The QTC algorithm is based on a normal mixture model (Preston et al., 2004; Preston and Kirlin, 2003) .
By assumption, the probability density function (PDF) for an observation d is
where ( | , ) dq jj p a normal PDF associated with the class denoted j .
() j P is the unknown prior probability or relative class frequency, and c is the number of classes. Here we let q j denote the nine unknown parameters of ( | , ) dq jj p in three dimensions, and write 
The conditions are the following: (1) observations are independent; (2) log ( | , ; ) D q w pc has a global maximum and decays quickly; (3) there is no prior information about q and w ; (4) n is large; (5) no value of c is a priori more likely than others in the range we consider; and (6) min E E( , ) qw 9 criterion (BIC), originally derived for models in the exponential distribution family (Schwarz, 1978) . With all () d i g finally determined from the catalogue data, the minimum-error rule is applied to classify all observations.
Cluster validation
Cluster analysis can be sensitive to the choice of algorithm (and input parameters), especially if the data do not form compact, well-separated clusters. We have applied three alternative clustering algorithms and used three cluster validity indices (Theodoridis and Koutroumbas, 2009 ) to measure the cluster compactness and separation as a function of c (the number of classes). The clustering algorithms were expectation-maximization (EM) with a normal mixture distribution, k-means, and self-organizing maps (SOM) (Kohonen, 1990; Theodoridis and Koutroumbas, 2009 ). The EM algorithm was chosen because it is related to the QTC algorithm.
The validity indices were the global Silhouette index (Rousseeuw, 1987; Theodoridis and Koutroumbas, 2009 ), the Davies-Bouldin index c DB (Davies and Bouldin, 1979) , and the Dunn index c D (Dunn, 1974 (Johnson and Wichern, 1988) . For a multinormal distribution, the observations are expected to lie on the line with unit slope. coarse sediments was higher than 40%. Of the remaining 33 samples, 22 contained less than 10% sand. One reason why the cores contained mostly fine sediments is that gravity core samples are difficult to obtain from hard, coarse seabeds.
Results
Sediment samples
The sediment samples from the central NC were classified mainly as silt (Z) or mud (M); mud is a mixture of silt and clay (Fig. 4) . Two samples from the eastern part of the NC were classified as clay (C) and three samples retrieved at the foot of the North Sea Plateau as sandy silt (sZ). Grab samples from the North Sea Plateau contained 26-98% sand and 0-33% gravel; one grab sample was classified as pure sand (S). Sand and gravel was also found on the two southern morainic ridges to the east. Here the amount of gravel was 3-26%, which is higher than the amount of coarse material in the B1 unit of the Troll core (2-3% above 1 mm) (Sejrup et al., 1995) . The amount of sand was 36-52%. Samples retrieved from the east-trending Korsfjorden were classified as clay (C), sandy clay (sC) and mud (M). Shell and shell fragments were observed in sediment samples from the North Sea Plateau. Dividing the 45 grain size analysed sediment samples into four groups based on the Folk class, and the 32 grab samples analysed rudimentarily into four equivalent groups based on the qualitative descriptions, demonstrates the diversity of the study area (Fig. 4) . Although the rudimentary analysis is not precise enough to distinguish between all the Folk classes, this information both support and supplement the pattern observed from the grain size analyses. The median grain size, sometimes used to describe sediments (Freitas et al., 2003) , ranges from 1 to 11 in the study area (Fig. 5a) . Layers are present in the sediment cores that have top subsamples containing sand and gravel; typically the surficial sediments are coarser than beneath.
Some cores show intermediate layers with increased sand and gravel content (Fig. 5b) . The 22 sediment cores that have top subsamples with less than 10% sand show with two exceptions no dominant layers.
Acoustic classes and seabed types
The need to process two pulse lengths separately made the processing and analysis more complicated; two sets of statistics and classification rules had to be computed. The full dataset for each pulse length was used as catalogue data. The statistical clustering process (Section 3.2) was repeated for c in the range 4-8 (the number of The classification results for the τ=1.024 ms dataset (Fig. 6) show that one class covers most of the central channel. The slope on the western side is divided into two parallel classes which follow the bathymetric contours. The North Sea Plateau came out as one class. To the east all three classes observed in the west are mixed together, and the picture is more complex. There is also a fifth class close to the coast and in the fiords.
The classification results for the τ=0.512 ms dataset (Fig. 6) show that the central NC is one class, just as for the (sZ). The two sM samples are near the moraines, which may explain the content of coarser sediments (14% and 22% sand and gravel). The two sZ samples associated with the turquoise class are in the south-west portion of the study area; one is on the border with the area of yellow shading in Fig. 6 , containing 28% sand and gravel, and the other is from the channel, containing 12% sand and gravel. Excluding these four core samples (#8, #15, #19, and #37, see Fig. 1b ) the average content of clay, silt, sand and gravel is 33%, 63%, 4% and 0%, respectively. The average median grain size is 7.8 . We note that a muddy (M) core sample (#38, see Fig. 1b) matches the turquoise class, which here extends up into the elsewhere sandy western slope. This core has a sandy layer revealed in the subsample at 26 cm depth (Fig. 5) , with a sand content of 19% (less than 1% gravel). The sandy surface layer of the two sZ samples extends down to about 50 cm depth (the top subsamples are from 3 and 16 cm depth). The thickness of the sandy surface layer of the two sM samples (#15 and #19) has not been determined due to under-sampling. Far into the channel north-west of the northern moraine shell fragments were observed in two of the grab samples analysed rudimentarily only. 
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The red class covers the moraines, some small areas in the north-east, and a part of the western slope (shown as area of red shading in Fig. 6 ). The area contains a mixture of samples classified as sandy mud (sM), gravelly sandy mud (gsM), or gravelly muddy sand (gmS). Some rudimentarily analysed grab samples contain shells and shell fragments. The red class sediments are thus heterogeneous. The average median grain size of the five core samples from the two southern moraines (#14, #21, and #34-36) is 3.7 ; the average content of clay, silt, sand, and gravel is 24%, 21%, 44% and 10% respectively. We note that the four sM samples associated with the red class have median grain size values in the range of 6.6-9.3 , and the sand content is 18-36% (less than 0.5% gravel). The fact that these four samples correspond with the red class suggests that presence of sand has a larger influence on the QTC results than the median grain size indicates. The cores associated with the red class typically have intermediate layers of coarser sediments (Fig. 5) .
The yellow class is present both in the west and in the east. In the west the class extends from the slope into the deep channel, and the sediment samples associated with this class are classified as sandy silt (sZ) and perhaps (Fig. 5b) .
The brown class dominates the North Sea Plateau, and based on the classification of the three sediment samples associated with this class (#42, #44 and #45, see Fig. 1b ), the seabed consists of sand and coarser sediments (including shells and shell fragments). The average median grain size is 1.9 , and the average contents of sand and gravel are 86% and 14%, respectively. The mud content is less than 1%.
Both pulse lengths were used when surveying two of the fiords, and the purple class consistently dominates these. A small area in the channel at about 60.15°N, 4.5 E and a part of the glacially eroded zone in the NE were also assigned to the purple class. The four sediment samples from the area of purple shading in Fig. 6 contains fine sediments and were classified as clay (C), sandy clay (sC), and mud (M). The average content of clay, silt, sand, and gravel is 63%, 29%, 8% and 0% respectively. The average median grain size is 10.2 . Even though the clay (C) core sample from the channel (#33, see Fig. 1b ) also matches the purple class, the surficial clay layer is thin. The clay content of the second to top subsample (5 cm deeper) is lower (55% compared to 64%); this subsample is classified as mud (M). The sandy surficial layer is also thin in the sC core sample from the fiord (#30, see Fig. 1b) ; the second to top subsample (7.5 cm deeper) contains only 3.5% sand (compared to 25.7% sand in the top subsample).
Cluster validity
To compute the cluster validity indices (Fig. 7) , the EM algorithm (with normal components), k-means, and the SOM method were applied to a subset of 10 000 randomly selected observations. Here we summarize the results for the 0.512 ms dataset. The validity indices for the τ=1024 ms dataset lead to similar conclusions.
The sediment class map obtained with the SOM algorithm did not show good consistency with supporting data Scatter plots of the two principal components for three different clusterings also suggest a lack of a clear cluster structure (Fig. 8) . The overlap between the classes (particularly for QTC and EM) shows the importance of the third principal component. There are marked differences between the three clusterings (the SOM result was even more different). We have used the same colors in all three plots to ease comparison, but the physical Fig. 8 . Scatter plots of the two principal components (PC1 and PC2) for 1200 randomly selected observations after partition into five classes with QTC clustering (a), EM clustering (b), and k-means (c). The plot of the QTC clustering also shows the decision boundaries (points of equal posterior probability) obtained by considering only the two principal components. (Fig. 10) show that observations from the brown and yellow classes are not normally distributed, whereas the normal assumption is tenable for the turquoise class. The observations from the red and purple classes also deviate from the unit slope line, but less than for the brown and yellow classes. Note that removing suspected outliers did not improve the fit to the unit slope line.
Comparison with parametric sonar data and geomorphology
The ASC results were compared with parametric sonar profiles along several transects. There are clear changes in acoustic signature as the terrain shifts from horizontally bedded marine or glaciomarine sediments to morainic ridges. Comparing Figs. 3, 6 and 11, it is clear that the turquoise class in the central and eastern areas corresponds well with top unit A. The purple class matches a thinner layer (about 2-8 m thick) overlying the Weichselian moraine (Fig. 11 , profile labelled G in Fig. 6 ). The top sediment sample from this layer was classified as clay.
The moraines on the eastern side of the channel have visible iceberg plough marks, as well as north-southoriented parallel lineaments probably caused by a moving glacier (Fig. 12) . The preservation, up through the Holocene, of traces of glacial erosion suggests two things: the marine sedimentation rate is low, and the seabed sediments have high stiffness. This is consistent with the interpretation of the red class (Fig. 6) , and the boundary of the red class follows the outline of the moraines closely in the south-east (Fig. 11) . Further north both the red and yellow classes occur and both correspond with the Weichselian till (unit B1). It is difficult to distinguish between these two classes based on parametric sonar data alone.
The westernmost part of unit A corresponds with the yellow class. A comparison of the ASC results with a parametric sonar profile (Fig. 13 , profile labelled J in Fig. 6 ) shows that the transition from dominantly muddy to dominantly sandy surficial bottom sediments occurs well into the unit A area. The top subsample of the nearby gravity core from 60.71°N, 3.39°E was classified as sandy silt (sZ) with a substantial sand fraction (13%), which confirms the presence of sand in the western NC (Fig. 6) . The morphology of the western slope of the channel is a fluted pattern of elongated depressions (Fig. 14) .
Discussion
Overall, the merging of the ASC results from the two data sets (τ=0.512 ms and τ=1.024 ms) shows a good match between the two. However, south and north on the western slope the correspondence between the red classes from the two datasets is reduced. There is also some disagreement between the red and brown classes in the north-western portion of the study area, on the North Sea Plateau. In order to improve the matching, a manual clustering may be beneficial; this has not been investigated in the present study.
The final ASC map based on SBES data and interpretation of supporting data (Fig. 6) gives a unifying and generally coherent picture of our observations, consistent with what we know about depositional and erosional processes in the region. Geographically and lithologically, the brown class corresponds well with class B of , the yellow class corresponds with their class C, and the turquoise class corresponds with their class D (Section 2 and Fig. 1a ).
In the north-east, the signs of massive glacial erosion, and probable presence of glacigenic sediments, explain why the ASC results are variable, with the red and yellow classes as predominant.
The ASC results were decimated with a 200 × 200 m block mode filter which removed fine-scale variations. The lack of consistency between the grain size analysed sediment samples associated with the yellow class may be explained by local variations in the seabed types in the north-east. The variable geomorphology also suggests that analyses of smaller regions are needed to understand the correspondence between the classification results and point sampling of the seabed. On the other hand, the QTC results may reflect more than simply the distribution patterns in sediment grain size, as stated by Wienberg and Bartholomä (2005) . The flow-like pattern seen outside the Sognefjorden and Fensfjorden inlets (Fig. 12b) suggests that this was a drainage area for the mainland ice sheet, where ice moved into the channel and was deflected northwards by the NC ice stream. Rise et al. (2004) observed a pattern of semi-parallel lineations on a deeper Quaternary horizon, immediately to the north of 61°N, which they believed to be caused by a mid-Pleistocene glaciation.
The observations of too suggest a movement of ice from the mainland north-eastwards into the channel. On the western slope, the orientation of the elogated depressions (predominantly north-south) matches the direction of inflowing Atlantic water (Fig. 7) . Bøe et al. (1998) interpreted similar patterns on the southern slope of the Skagerrak as current-modified pockmarks. Hovland (1983) observed very shallow gas blankets in boomer seismic data from a part of the western slope. There were apparent vertical escape routes matching the occurrence of elongated depressions in the seabed. He concluded that vertically migrating gas is lifting sediments into suspension above the escape routes; the suspended sediments are subsequently transported away by water currents. This mechanism may explain why the yellow class extends into the deep channel where we expected the turquoise class to dominate. Sand particles may accumulate on the seabed at the bottom of slope, and in decreasing amounts towards the center of the channel. The pre-Holocene part of unit A would be unaffected by this process, as it is a marine transport phenomenon. As observed in Sections 4.1 and 4.2, there is a sandy surface layer (about 50 cm thick in core #38), overlying finer sediments, in cores from this area. We therefore think that ASC gives the correct indication, even though this is not evident from the parametric sonar (or seismic) data. The sharp class boundary of the ASC map is however misleading if the transition is continuous. This demonstrates a basic limitation of the method. In general there may be observations that have low likelihood with respect to all classes.
The purple class present to the north of the moraines at 60.15°N, 4.5°E stands out (Fig. 6 ). There are no particular bathymetric features that might explain why this area is assigned to another class than the surroundings. The one sediment sample deliberately collected here based on initial ASC results, contains finer surficial sediments than neighbouring sediment samples. In a study by Van Vossen et al. (2013) stood out from its surroundings. They applied a physics-based method to low-frequency sonar data acquired at 1-2 kHz. It was found that the area generally had lower reflection coefficient (at 7° grazing angle), as expected, but higher backscattering strength than the adjacent area of turquoise shading (Fig. 6 ).
The lack of a clear cluster structure in the echo shape data may partly be explained by a continuous change in seabed composition along the transverse axis of the channel. However, we have found no significant differences in the class distributions when comparing data from the eastern and western sides of the study area.
The question is if there are other echo features that might give better class discrimination. Several aspects of the QTC method appear to be motivated by a need to make the software robust and straightforward to use. This makes sense given the amount of tuning and level of expertise often required to successfully run scientific codes, but it also introduces some limitations. For example, normalizing echo amplitudes eliminates the need to compensate for sound attenuation in the water column and to calibrate the acoustic signals. However, the total backscattered energy is then lost, a potentially useful feature (Van Walree et al., 2006; Van Walree et al., 2005) .
Likewise, restricting the analysis to three principal components avoids all the problems of classification in high dimensions (Hastie et al., 2009) , and limits the amount of catalogue data needed to make robust PDF estimates, but this restriction too sheds potentially useful information. An alternative is to use aligned, digitally sampled echoes as feature vectors directly (Hamilton, 2011; Hamilton and Parnum, 2011 ) (each sample a feature). For such an approach we propose to use a piecewise constant function approximation (Jensen and Solberg, 2007) to reduce the number of features before running the classification algorithm.
Even if one uses all information inherent in a (stacked) echo, there are other potentially useful features. In their evaluation of QTC, Hamilton et al. (1999) suggested that some measure of variability within a set of pings might be useful for identifying rock or coral bottoms, where ping-to-ping fluctuations are large. More generally, our understanding is that QTC (the single-beam variant) does not take into account the statistics of a set of contiguous observations, and the classification process proceeds without information about spatial relationships, i.e. spatial location and neighboring observations do not affect the prior probabilities. We have not explored these possibilities in this work, but think that better classification accuracy may be achieved by using spatial information. A fundamental limitation concerns the mapping of sloping areas. The scattering strength changes significantly with incidence angle in the near-nadir regime (except for very rough surfaces). If the seabed is sloping, the symmetry of vertical ensonification is destroyed, and this affects the echo shape. Using QTC, Von Szalay and McConnaughey (2002) found that slopes exceeding 5-8° caused the classification accuracy to break down. In the study area slopes of such magnitude only occur in the narrow basement zone and along the sides of the fiords, at least on a spatial scale of 50 m or more (the resolution of the terrain model that we have used).
Except for a small area to the north-east we do not have ASC results from the basement zone. The only class that could potentially be affected by slope errors is the purple class. Pockmarks were not removed in the preprocessing step, and it should not be necessary. The use of a block-mode filter, which picks out the most frequently occurring class within a rectangular window (block), also helps to reduce such errors. The best solution we can think of to overcome the problem of steep slopes would be to transfer the echo shape methodology to an MBES system, and at any time apply it to the beam for which the true incidence angle is closest to zero.
If there is no obvious cluster structure, as in the present data, practical considerations may limit the number of classes. When the data distribution is not unimodal, the approximation BIC 2log ( | ) D pc may be a poor one. We do not know if condition 2 [following Eq. (4)] holds. Moreover, the fact that classes are not well separated induces errors in the ML estimates during the cluster process. If two seabed types have overlapping PDFs, and the two types are unequally represented in the data set, the larger class may steal members from the smaller because of unequal priors. This is another argument for including spatial information in the classification process to adjust the priors depending on location. The non-normal distribution of some classes favours increasing c to fit the data. This may explain why the BIC decreased when c was increased beyond that which supporting data indicated. Nevertheless, the parsimony term log Mn counters the tendency to overfit the data in any circumstances, and there are empirical reasons to use the BIC for normal mixtures (Roeder and Wasserman, 1997) . While QTC results were very similar to those of the simpler iterative EM algorithm, a qualitative comparison with supporting data has shown that QTC performed better than the k-means and SOM algorithms.
Despite the above reservations, this provides support for the QTC algorithm as applied to a difficult data set.
Conclusions
We have used a statistical classification method (QTC IMPACT) for single-beam echo sounders to map the surficial sediments in the Norwegian Channel. The unsupervised classification results were interpreted in view of 40 gravity cores and 37 grab samples distributed across the whole survey area, MBES bathymetry and parametric sonar data. The ASC analysis has resulted in a high-resolution map where the seabed is divided into five classes: (1) silt and mud (deep, central channel), (2) a variety of clay, silt and sand (mainly north-east and lower western slope), (3) sandy mud with gravel (mainly moraines and upper western slope), (4) sand with varying amounts of gravel (predominant on North Sea Plateau), and (5) clay and sandy clay (inside fiords and one small area in the channel). The acoustic classification is highly sensitive to the sand and gravel content of the top layer. The five classes reflect the diverse erosional and depositional processes of the area, past and present:
Glacial erosion on the eastern side, fluid seepage and water current erosion on the western side, and deposition of fine-grained suspended sediments in the central part.
The consistency of the results, across a large and diverse area, with respect to supporting data, different pulse lengths, and intersecting ship tracks, shows that QTC IMPACT is a reliable tool for sediment mapping.
However, the lack of cluster structure in the set of observation vectors implies a degree of arbitrariness in the final classification result. This is partly due to the nature of sediment deposition in the study area, but also suggests that additional features should be introduced for better discrimination between Folk type classes. The study also highlights the need for careful verification and cluster validity analysis of results obtained by statistical ASC methods in general.
